Introduction
The Kidney Donor Profile Index (KDPI) (1) , derived from the Kidney Donor Risk Index (KDRI) (2) , was developed as a more granular and accurate replacement for the dichotomous extended criteria donor (ECD) and standard criteria donor (SCD) categories (3, 4) to aid in stratifying expected posttransplant longevity among deceased donor kidneys. The score ranges from 0% to 100%, and kidneys with higher scores are anticipated to have shorter posttransplant longevity.
On March 26, 2012 , KDPI began appearing in DonorNet with each deceased donor kidney offer but without directly affecting kidney allocation. The intent was twofold: (a) to increase clinicians' familiarity with KDPI before its potential incorporation into the kidney allocation algorithm and (b) to aid clinicians in assessing kidney quality for organ-offer acceptance decisions with an improved metric compared with the ECD/SCD indicator.
Within days of KDPI appearing in DonorNet, some surgeons and organ procurement organization (OPO) representatives shared concerns with the United Network for Organ Sharing (UNOS) based on their anecdotal experience that merely displaying the KDPI was having a negative impact on kidney utilization. Several analyses, however, showed that the allocation of kidneys-at least at the national level-was not adversely affected by merely displaying KDPI. Neither the number of offer refusals prior to acceptance nor average cold ischemic times at transplant increased. The percentage of kidneys recovered for transplantation but not utilized (i.e. discard rate) was essentially unchanged both overall (18.4% vs. 18.0%) and when stratified by KDPI quantiles (5), a finding confirmed in a more recent study (6) .
With the implementation of the kidney allocation system (KAS) (7, 8) on December 4, 2014 , the KDPI began affecting which candidates appeared on the match run and in what sequence. On April 20, 2016 , the annually updated conversion of KDRI into KDPI (1, 9) was incorrectly implemented in DonorNet, resulting in erroneously high KDPI values for 30 days.
The problem was corrected on May 19, 2016 , less than 24 h after being recognized. Root cause analysis was used to identify and correct the source of the problem. To avoid the potential for a recurrence of the same or a similar event, a failure modes and effects analysis was conducted to identify potential failure modes and implement safeguards-such as independent validation of key process steps-pertaining to analytical calculations and broader aspects of organ allocation. The issue and resolution were promptly brought to the attention of the Organ Procurement and Transplantation Network (OPTN) board of directors and the OPTN kidney transplantation committee.
The purpose of this analysis was to quantify the effect of displaying erroneously high KDPI values on kidney utilization to shed further light on the alleged KDPI labeling effect.
Methods
This study used data from the OPTN. The OPTN data system includes data on all donors, waitlisted candidates, and transplant recipients in the United States, submitted by the members of the OPTN, and has been described elsewhere (10, 11) . The Health Resources and Services Administration of the U.S. Department of Health and Human Services provides oversight to the activities of the OPTN contractor.
All deceased kidney donors with at least one kidney recovered for the purpose of transplantation between December 4, 2014, and May 31, 2016, were analyzed. The kidney discard "rate" was defined as the proportion of kidneys recovered for transplantation but not transplanted. DonorNet converted KDRI to KDPI incorrectly between 7:34 a.m. on April 20, 2016, through 11:31 a.m. on May 19, 2016 . The probability of discard was modeled using logistic regression; clustering caused by two kidneys from the same donor was accounted for via generalized estimating equations (GEEs) (12) . Predictor variables included the primary effect of interest-whether or not the KDPI was erroneously high-and other potentially confounding donor factors. Analyses were not adjusted for biopsy and pump because erroneously high KDPI values may have influenced decisions to biopsy and pump kidneys. Kidneys with a correct KDPI of 100% (n = 210) were excluded from modeling because these kidneys were not affected. A very small number (n = 83, 0.3%) of cases with missing covariates were excluded.
Because the study focused solely on estimating the effect of an erroneously high KDPI on kidney utilization adjusted for other factors, and relationships between donor factors and the likelihood of discard are described elsewhere (13) (14) (15) , the full models are not shown.
To provide additional evidence beyond the regression modeling results, we used 5:1 caliper-restricted propensity score matching (PSM) (16) for three scenarios: KDPI correct versus incorrect, (caliper = 0.025); KDPI correct versus biased ≥15 points (0.025); KDPI correct versus exceeded 85% threshold (0.005). Odds ratio (OR) estimates were derived using logistic regression with GEE to account for clustering.
Results

Shift in KDPI distribution
By definition, correctly calculated KDPI scores are uniformly distributed from 1% to 100% in a population of deceased kidney donors. During the 30-day period between April 20 and May 19, 2016, the KDPI displayed in DonorNet and used for allocation was biased upward between 1 and 21 points (Figure 1) . A correct KDPI of 99%, for example, was incorrectly displayed as 100% (+1 point bias), and a correct KDPI of 19% was incorrectly displayed as 40% (+21 point bias). The mean and median biases were +17.2 and +19.0, respectively. 
Number and distribution of transplants
The number of solitary deceased donor kidney transplants from April 20 to May 19, 2016, (n = 975) was fewer than the preceding 3 mo but greater than both 1-year pre-KAS (n = 908.4) and 1-year post-KAS (n = 949.8) monthly averages. The percentage of transplant recipients aged ≥65 years rose from 18.3% to 25.0%, similar to the pre-KAS value of 23.0%. The percentage of recipients aged 18-34 years fell from 12.7% to 9.5%, also close to the pre-KAS value of 8.8%. Similarly, the recipient Estimated Post Transplant Survival (EPTS) score distribution closely resembled pre-KAS patterns for this 30-day period.
Pediatrics received 2.4% of transplants during this period; although this is lower than the 3.8% post-KAS average, this percentage has been as low as 2.3% in other months and is inherently volatile, given the small number of pediatric patients on the waiting list. Immediately after the KDPI mapping was corrected, pediatrics received 5.1% of transplants during the subsequent 30-day period, suggesting that any temporary decline in access was quickly remedied.
These distributional changes are not surprising, given the KDPI shift shown in Figure 1 . Far fewer kidneys were allocated with KDPI 0-20% or 21-34%, leading to less application of the longevity-matching and pediatric priorities prescribed by KAS. During this 30-day period, in many ways, kidney allocation mimicked the pre-KAS system. Recipient demographic distributions returned to post-KAS patterns immediately after the problem was addressed (17) . Figure 2 shows a well-established relationship: As KDPI increases, the kidney discard rate rises precipitously.
Impact on kidney utilization
Together with the relationship shown in Figure 2 , the biased-high KDPI distribution used for allocation (Figure 1 ) portends a potentially dramatic, detrimental effect on kidney utilization as a result of the calculation error. In fact, had the estimated probability of discard for each of the 21 KDPI ranges shown in Figure 2 manifested during the 30-day period, the projected discard rate (calculated by multiplying the biased distribution percentages from Figure 1 with the expected discard probabilities from Figure 2) would have been 31.4%. The observed discard rate during this period, however, was just 22.9%, which was moderately but not unprecedentedly higher than previously observed post-KAS monthly discard rates (Figure 3) .
Still, the fact that the observed discard rate of 22.9% exceeded the rate from each of the previous 15 mo as well as the 19.1% rate observed in the subsequent 30-day postfix period raises suspicion that the KDPI calculation error had at least some detrimental effect on organ utilization. The discard rate remained between 17.8% and 22.0% through the end of 2016. Figure 4 highlights why the observed discard rate of 22.9% was far lower than the projected rate of 31.4%. Panel A shows that for each displayed KDPI range >50%, the discard rate during this 30-day period was markedly lower than prescribed by the usual pattern; for example, just 42.2% of kidneys with an incorrectly displayed KDPI between 91% and 95% were discarded compared with the expected 58.6% discard rate from Figure 2 . The true KDPI for these kidneys with incorrect KDPI 91-95% labels ranged from 77% to 85%; according to Figure 2 , these kidneys tend to be discarded at a rate of 30-37%. Panel A reveals that the transplant community, by and large, appeared to rely very little on the biased-high KDPI value when making kidney utilization decisions.
Panel B of Figure 4 shows the discard rates for kidneys with erroneously high KDPI by the correct KDPI score. If the erroneous displayed KDPI values had no effect on kidney utilization, the red curve would be expected to be superimposed on top of the black curve (the wellestablished discard rate/KDPI relationship), with the exception of random variation. This generally appears to be the case; however, the fact that the rate was higher than expected in 14 of 21 KDPI ranges suggests that after adjusting for the true KDPI, the discard rate may still have been slightly elevated during this 30-day period.
To answer this question more completely, we used multivariable regression and PSM to assess whether the observed increase in discard rates was attributable to the erroneously high KDPI values or merely an artifact of either random variation or a temporary shift in donor quality. Because some kidneys recovered during this 30-day period were not affected by the KDPI calculation error (e.g. if the match was run prior to 7:34 a.m. on April 20 or if the KDPI was already at its maximum value of 100%), error versus nonerror groups were defined for modeling based on whether the match was run with an affected KDPI, not based on recovery date. May 19, 2016 , KDPI was calculated incorrectly in DonorNet, and during this period, the discard rate was slightly higher than average at 22.9%; however, the discard rate was substantially lower than the projected rate of 31.4% based on the incorrectly calculated KDPI distribution. [Color figure can be viewed at wileyonlinelibrary.com]
The first set of results in Table 1 Table 2) . Table 3 shows how comparable the propensity-matched samples were in terms of true KDPI, donor age, and other donor factors.
Other results in Table 1 suggest that if a KDPI bias effect does indeed exist, it likely exhibits a dose-response relationship, in which smaller biases (e.g. 1 or 5 points) have May 19, 2016 , the functional relationship between the observed discard rates and the incorrectly displayed KDPI was substantially lower than usual (A), suggesting that clinicians did not rely heavily on the incorrectly displayed KDPI value in kidney-utilization decisions. The functional relationship between observed discard rates and the correct KDPI was similar to the usual relationship (B).
little or no effect vis-a-vis a bias of 15 or 20 points. The risk-adjusted OR for KDPI bias of 15+ points versus correct KDPI was 1.29 (p = 0.064), similar to the 1.20 (p = 0.061) result obtained by modeling the KDPI bias as a continuous factor. Both OR estimates were higher than the estimate of 1.16 found when the outcome was dichotomized.
The largest estimated effect (OR: 1.46; p = 0.049) was associated with erroneously high KDPI values crossing the 85% threshold. PSM results also suggest crossing the 85% threshold increased the odds of discard (OR: 1.21). That this finding is far from statistical significance (p = 0.330) may be due to the drastically reduced sample size induced by 5:1 matching.
Finally, the estimated effect with the smallest magnitude (OR: 1.06) and least evidence of statistical significance (p = 0.631) was for erroneously high KDPI values that did not cross the 85% threshold. This near-null finding came despite KDPI being biased by +17.9 on average and +20.0 median compared with just +12.9 (mean) and +13.0 (median) for kidneys that crossed the 85% threshold. These results suggest that a biased-high KDPI had little or no impact unless it crossed the 85% threshold.
The regression model (Table 2 ) estimated that the odds of discard increased by 46% for kidneys with inflated KDPI that crossed the 85% threshold. Assuming the impact of the KDPI inflation was limited to the 212 kidneys that crossed 85%, an estimated 19 excess kidneys may have been discarded as a result of the calculation error.
Discussion
Despite KDPI being incorrectly calculated by an average of +17 points from April 20 to May 19, 2016, the kidney discard rate increased only slightly. Although higher KDPI scores are clearly associated with higher likelihood of kidney discard, our findings indicate a high KDPI by itself is not a significant, causal factor driving kidney-utilization decisions. If, independent of other donor factors, a high KDPI score by itself substantially affected clinician behavior, we would have expected to observe a discard rate near 31% during this time; however, the discard rate of 22.9% from this period did not greatly exceed monthly discard rates observed in the past. All other donor characteristics-age, weight, cause of death, and so forth-and relevant test results (e.g. serum creatinine, Where incorrect, KDPI was always higher, by as few as 1 and as many as 21 points. All comparisons were made against kidneys for which KDPI was calculated and displayed correctly. True KDPI = 100% cases were excluded because, axiomatically, none were displayed incorrectly. CI, confidence interval; KDPI, Kidney Donor Profile Index; OR, odds ratio. serologies) were displayed correctly in DonorNet, and clinicians appear to have relied on this full array of factors for assessing kidney desirability instead of the singlenumber KDPI.
Still, in totality, the results in Table 1 suggest that the moderately elevated increase in the discard rate observed for kidneys with an incorrectly high KDPI could not be fully explained by either a shift in donor factors or random chance. We evaluated the impact of the inflated KDPIs in numerous ways, and after risk adjustment, each resulting OR estimate reflected increased odds of discard associated with the KDPI error. Most of the results are either statistically significant (p < 0.05) or close to statistical significance. Appropriate interpretation of statistical evidence should not rely heavily on arbitrary pvalue thresholds (18, 19) . Rather, interpretation should take into account the degree to which the evidence supports or refutes a hypothesis, acknowledging that the answer may be somewhat ambiguous and highlight the need for more data.
These results, though not entirely conclusive because of the relatively small sample sizes and standard limitations associated with observational studies (19) , suggest that inflated KDPIs did indeed affect the discard rate. The observed discard rate of 22.9% was higher than the monthly rate for all but the first of 25 post-KAS months, and risk-adjustment did not nullify this increase.
The most intriguing finding is the discordance in estimated effects for erroneously high cases in which KDPI crossed the 85% threshold (OR: 1.46; p = 0.049) versus those that did not (OR: 1.06; p = 0.631). No effect was evident in the latter group, despite KDPI being biased upward by 18 points on average compared with just 13 points for kidneys whose KDPI crossed 85%. The latter group also had a fivefold higher sample size (1140 vs. 212), yet the estimated effect does not even approach statistical significance (Table 1 ).
These findings suggest that the paramount factor leading to the slight increase in the discard rate observed during the 30-day period was whether KDPI crossed the 85% threshold. Many things change in kidney allocation when KDPI exceeds 85%; for example, candidates must give consent in advance to receive offers for these kidneys. Consequently, because many candidates have a maximum acceptable KDPI of 85% (20), many candidates are screened off the match, leaving the OPO with a shorter list of potential acceptors of the kidney. In addition, KDPI >85% kidneys are immediately allocated to a combined list of local and regional centers, a change instituted with KAS that has not resulted in the desired impact of increased kidney utilization (17, 21) .
Consequently, it is at least plausible that the small decrease in kidney utilization induced by the inflated KDPIs was solely attributable to changes in allocation that take place for KDPI >85% kidneys. Still, the existence of a small stigmatizing effect of a high KDPI "label" cannot be ruled out. Some in the transplant community have considered KDPI >85% to be the "new ECD" designation, which could have a stigmatizing effect for kidneys that cross the 85% threshold. In this study, any potential KDPI >85% labeling effect was confounded by the allocation policy changes that take place above the 85% threshold. Bae et al (6) identified a potential KDPI >85% labeling effect for kidneys previously labeled as SCD, which were assumed to include non-heartbeating donors.
However, Woodside et al (22) investigated the potential labeling effect associated with the ECD designation and found that among donors of approximately the same quality (based on KDPI and other donor factors related to organ desirability), ECD-labeled kidneys were no more likely than SCD to be discarded.
Taken together, ours and others' findings suggest that any potential detrimental effect on kidney utilization attributable to a high KDPI label is likely small. Still, underutilization of kidneys is still a widely recognized problem that has not improved with KAS (17, 21) . Reese et al (23) and others (15) have articulated a number of policy and practice changes that could help. The cognitive-behavioral effects of summary metrics like KDPI, other labels attached to organs-including the "increased risk" of disease transmission designation (24-26)-and the way information is presented for patient and clinician decision making (27) all warrant further study to improve the allocation and utilization of a scarce national resource.
UNOS as the OPTN is committed to transparency and pursuing policy and technological improvements that will lead to more transplants, better outcomes, equitable allocation, safety for recipients and living donors, and increased operational efficiency.
